The growth plates of the femoral head of Japanese white rabbits aged 5, 10, 15 and 20 weeks were stained for apoptotic and proliferating chondrocytes using the TUNEL and PCNA antibody staining techniques. Both TUNEL-and PCNA-positive chondrocytes were detected in all of the specimens. The positive ratios of both stainings were calculated for the whole plate and for the resting, proliferating and hypertrophic zones. The highest ratios in both stainings occurred in the hypertrophic zone in all age groups. With growth, the TUNEL-positive ratio increased whereas the proliferating ratio decreased.
In tissues, homeostasis is achieved by the balance between cell death and proliferation. When a population of cells is changing, however, the proportion of proliferating to dying cells may be expected to vary, and should occur in chondrocytes during closure of the growth plate in endochondral ossification. It has been suggested that apoptosis 1 is closely related to closure and endochondral ossification. [2] [3] [4] [5] Our aim was to elucidate the kinetics of apoptosis in chondrocytes in closing growth plates by comparing the ratios of dying to proliferating chondrocytes using markers for apoptosis and proliferation.
MATERIALS AND METHODS
We used eight Japanese white rabbits, two of which were killed by intravenous injection of pentobarbital sodium at each of 5, 10, 15 and 20 weeks of age. The epiphyseal growth plate with metaphyseal and epiphyseal bones was obtained from the middle of the femoral head of each rabbit.
The growth plates were sectioned coronally into blocks 5 mm thick. These were fixed in 10% formalin for three days, decalcified by EDTA at 4°C for ten days, embedded in paraffin and cut into slices 2.5 m thick.
For in situ visualisation of apoptotic cells, we performed terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin nick end labelling (TUNEL). 6 To show the proliferative portion of the tissues, we used immunostaining for proliferating cell nuclear antigen (PCNA), an auxiliary protein of DNA polymerase. After removal of the paraffin and dehydration, the first slice from each specimen was stained with haematoxylin and eosin for histological differentiation of the three zones of the growth plate: resting, proliferating and hypertrophic (Fig. 1) . The second slice was stained by the TUNEL method. The reaction time was 20 minutes for protease K and 100 minutes for both TdT and biotin-dUTP. We performed PCNA immunostaining on the third slice using the labelled streptavidin-biotin (LSAB) method with a reaction time of 60 minutes for anti-PCNA antibody (PC-10, Code No. M879, DAKO, Denmark) at a dilution of 1:50. Counterstaining was carried out by methyl green in both instances. Some sections used for TUNEL staining were pretreated with DNase I (Code No. 0649-50KU, Amresco, Ohio), which induces DNA breaks and acts as positive controls since all nuclei are stained. In PCNA immunostaining, negative controls were incubated with mouse serum before processing. Quantification of TUNEL and PCNA expression. In TUNEL staining, the chondrocytes which had strongly stained nuclei were regarded as positive cells. In PCNA immunostaining, the positive chondrocytes were clearly seen by their diffusely stained nuclei.
According to the calculation method of Ueda et al 7 for
obtaining the positive ratio of the Ki-67 index, five fields containing the largest number of positive chondrocytes were selected at a magnification of ‫004ן‬ for TUNEL and ‫002ן‬ for PCNA. Positive and negative chondrocytes were counted three times in each field. The mean number of positive chondrocytes was divided by the total number of chondrocytes (the sum of positive and negative cells in the field) to calculate the positive chondrocyte ratio. Positive chondrocytes of both TUNEL and PCNA stainings were counted in the three individual zones and the positive ratio calculated as described.
Statistical analysis.
We used Fisher's test to determine the correlation between the TUNEL-and PCNA-positive ratios in the rabbits of each age group and the relationship Femoral head growth plate of a 5-week-old rabbit. It is morphologically divided into resting (R), proliferating (P) and hypertrophic (H) zones (haematoxylin and eosin ‫.)541ן‬
TUNEL staining in a 15-week-old rabbit growth plate. The chondrocytes with clearly stained nuclei were found in the proliferating and hypertrophic zones ‫.)035ן(‬ Fig. 3 Immunostaining with PCNA in a 5-week-old rabbit growth plate. Diffuse staining of nuclei can be clearly observed in the chondrocytes of the lower proliferating and hypertrophic zones ‫.)081ן(‬ between both positive ratios in each zone. A p value of <0.05 was considered significant.
RESULTS
We found TUNEL-positive chondrocytes in every harvested growth plate of all four age groups and in all three individual zones. Particularly, many positive cells were found in the hypertrophic zones of the 15-and 20-week-old groups (Fig. 2) . The number of TUNEL-positive chondrocytes increased with growth; the positive ratios at 5, 10, 15 and 20 weeks of age were 3.1%, 7.6%, 17.2% and 26.6%, respectively. There was a statistically significant difference between the 5-and 20-week-old groups (p = 0.0269) ( Table I) . PCNA-positive chondrocytes were also found in all of the harvested growth plates and in all three zones, mostly in the lower proliferating and upper hypertrophic zones. In 5-week-old rabbits, PCNA-stained nuclei appeared like a belt over these two zones (Fig. 3) . The positive chondrocytes decreased in number with growth. The positive ratios at 5, 10, 15 and 20 weeks of age were 55.5%, 33.3%, 22.6% and 12.7%, respectively. There was a statistically significant difference between the 5-and 10-week-old groups, between the 5-and 15-week-old groups, between the 5-and 20-week-old groups, between the 10-and 15-week-old groups, and between the 10-and 20-week-old groups (between the 5-and 15-week-old groups p = 0.0004; between the 5-and 20-week-old groups p = 0.0002; Table I ). The PCNA-positive ratio was divided by the TUNEL-positive ratio of each age group and the quotients at 5, 10, 15 and 20 weeks of age were 17.9, 4.4, 1.3 and 0.5, respectively.
The TUNEL-and PCNA-positive ratios in the three individual zones are shown in Figure 4 . In all three divided zones, the TUNEL-positive ratios tended to increase with age, while the PCNA-positive ratios decreased but there was no statistically significant difference in each age group. In the hypertrophic zone, in which the highest ratios were shown in both stainings, the TUNEL-positive ratios of the 15-and 20-week-old groups were statistically significantly higher than those of the 5-and 10-week-old group and almost reached 50% (between the 10-and 15-week-old groups p = 0.0057; between the 10-and 20-week-old groups p = 0.0028). There were also a statistically significant difference between the 5-and 10-week-old groups. The highest ratio of PCNA-positive cells, however, was 35.8% and was found in the hypertrophic zone of the 10-week-old age group.
DISCUSSION
Cell death by apoptosis is important in the regulation of the cell population. 1 The assumption has been that the ultimate fate of the terminal hypertrophic chondrocytes in the growth plate is death 2,3 but more recently the importance of programmed cell death has been reported. [2] [3] [4] [5] In 1992, Gavrieli et al 6 described the TUNEL method, which involves in situ labelling of DNA fragmentations. This technique easily detected apoptotic cells, but tended to overestimate their true number. In another study 8, 9 using the TUNEL reaction, a large percentage of chick hypertrophic chondrocytes was labelled, up to 30% in chick sterna and 48% in adult chick tibiae. These percentages were not seen when other techniques for estimating the number of apoptotic cells were used. Hatori et al 9 using flow cytometry estimated that only 8% of chondrocytes were apoptotic at any one time. In our study, although the TUNEL-positive ratios may not show the exact percentages of the chondrocytes undergoing apoptosis, the comparisons of the ratios should suggest the changes in cell kinetics with growth. In endochondral ossification, the lacunae of chondrocytes at the chondro-osseous junction are invaded by vascular endothelial cells or chondroclasts during the formation of bone-marrow spaces. 2 Bronckers et al 10 showed that the terminal hypertrophic chondrocytes undergo apoptosis to provide lacunae for invading cells. We demonstrated TUNEL-positive cells in the upper hypertrophic zone and also in the resting and proliferating zones. Chondrocyte death in these zones has not, so far, been described. In addition to accelerating growth plate closure, it is possible that these chondrocytes may be eliminated because of mistranscription of DNA at cell division. If proliferating chondrocytes were not eventually outnumbered by dying ones, the growth plate would not reduce in height or close. In our study, the quotients of PCNApositive ratios divided by TUNEL-positive ratios of the whole growth plate decreased with growth and became less than one at 20 weeks of age. It is possible that there were artefacts of fixation and staining so that the exact ratios were not always equal to the real rates of chondrocyte death or proliferation, but a comparison of ratios helps to clarify the kinetics of changes in cell population with growth. The decrease in these quotients suggests that dying chondrocytes increase relative to proliferating ones with growth, ultimately resulting in closure of the growth plate.
PCNA is available as an index of cell increase and expresses from the late G 1 phase to the S phase of the cell cycle. 11 Active cell division occurs in the proximal portion of the proliferating zone and many chondrocytes in this zone are in S phase. 12, 13 In our study, however, PCNApositive chondrocytes were rarely found in the proximal portion of the proliferating zone and were mainly detected in the upper hypertrophic zones in all age groups. Formalin-fixed tissue may be less closely related to the S phase of the cell cycle than methanol-fixed tissue 14 and PCNA may also be expressed in association with DNA repair and in some non-dividing cells. 14 Hence, in our study which used formalin fixation, some chondrocytes in the S phase may not be positively stained and some cells not in the late G 1 to S phase may show positive staining. The time from the end of the last cell division in the proliferating zone to cell death is about 60 hours 12 and the M phase of the cell cycle is at 0.5 to 0.6 hours, the G 2 phase at 3.0 hours and the S phase at 3.4 to 6.1 hours. 13 This suggests that most of the hypertrophic chondrocytes are in the G 1 phase and show positive staining.
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